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Abstract 25 

The properties of the meridional overturning circulation (MOC) and associated 26 

meridional heat transport (MHT) and salt fluxes are analyzed in the South Atlantic. The 27 

oceanographic data used for the study consist of Expendable bathythermograph (XBT) 28 

data collected along 27 sections at nominally 35°S for the period of time 2002 to 2011, 29 

and Argo profile data collected in the region. Previous estimates obtained with a shorter 30 

record are improved and extended, using new oceanographic sections and wind fields. 31 

Different wind products are analyzed to determine the uncertainty in the Ekman 32 

component of the MHT derived from their use. Results of the analysis provide a nine-33 

year time series of MHT, and volume transport in the upper layer of the MOC. Salt fluxes 34 

at 35°S are estimated using a parameter introduced by numerical studies, the Mov that 35 

represents the salt flux and helps determine the basin scale salt feedback associated with 36 

the MOC. Volume and heat transport by the western and eastern boundary currents are 37 

estimated, and their covariablity is examined. Analysis of the data shows that the South 38 

Atlantic is responsible for a northward MHT with a mean value of 0.54 ± 0.14 PW. The 39 

MHT exhibits no significant trend from 2002 to 2011. The MOC varies from 14.4 to 22.7 40 

Sv with a mean value of 18.1 ± 2.3 Sv and the maximum overturning transport is found at 41 

a mean depth of 1250 m. Statistical analysis suggests that an increase of 1 Sv in the MOC 42 

leads to an increase of the MHT of 0.04 ± 0.02 PW. Estimates of the Mov from data 43 

collected from three different kinds of observations, contrary to those obtained from 44 

models, feature a positive salt advection feedback (Mov< 0) suggesting that freshwater 45 

perturbations will be amplified and that the MOC is bistable. In other words, the MOC 46 

might collapse with a large enough freshwater perturbation. Observations indicate that 47 

the mean value of the Brazil Current is -8.6 ± 4.1 Sv at 24°S and -19.4 ± 4.3 Sv at 35°S, 48 

increasing towards the south. East of 3°E, the northward flowing Benguela Current and 49 

Agulhas rings have a net northward transport of 22.5 ± 4.7 Sv. No significant correlation 50 

is observed between the MOC and the Brazil Current transport, and most of the 51 

compensation derives from the eastern boundary and interior transports. Products from 52 

the Ocean general circulation model For the Earth Simulator (OFES) are used to validate 53 

methodology used to extend the XBT record, and to aid in the interpretation of the 54 

observed findings. 55 

56 
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1. Introduction 57 
 58 

The mechanisms and pathways of mass and heat transport in the global ocean are due in 59 

large part to the wind-driven and buoyancy-driven components of the meridional 60 

overturning circulation (MOC). Associated with the strong thermohaline (buoyancy-61 

driven) circulation in the Atlantic Ocean heat and salt are exchanged between the 62 

hemispheres. The South Atlantic Ocean plays a unique role in the global energy balance, 63 

transporting heat from the poles to the equator (e.g., Talley, 2003) as upper layer water 64 

spreads northward to compensate for the southward export of colder North Atlantic Deep 65 

Water. The northward flow is a complex mixture of waters originating from the Indian 66 

and Pacific oceans, blended together in the South Atlantic and overlain by large-scale 67 

gyre circulations. The ability to understand and quantify this northward flow is crucial to 68 

properly model and forecast weather and climate. Maximum northward heat transport is 69 

observed in the subtropical North Atlantic, 1.3 PW (1 PW = 1015 Watts) accounting for 70 

25% of the global combined atmosphere-ocean heat flux (e.g., Hall and Bryden, 1982; 71 

Lavin et al., 1998; Ganachaud and Wunsch, 2003; Lumpkin and Speer, 2007; Johns et al., 72 

2011). Observed and simulated estimates of the meridional heat transport (MHT) in the 73 

South Atlantic range from negative values (-0.23 PW, de las Heras and Schlitzer, 1999) 74 

to almost 1 PW (0.94 PW, direct method, Saunders and King, 1995; 0.88 PW, Inverse 75 

model, Fu, 1981). The main reason for the large range in estimated MHT values for the 76 

South Atlantic is the limited amount of data available in the region at the time. The South 77 

Atlantic has been historically one of the least sampled basins, and as an expected 78 

consequence, model estimates in this region have been poorly constrained.  In the past 79 

decade, however, the situation has been improved by the initiation of repeated high-80 

density expendable bathythermograph (XBT) lines (AX18 crossing the South Atlantic 81 

from South America to South Africa, AX22 across Drake Passage, and AX25 across the 82 

Agulhas retroflection), as well as the broad scale temperature and salinity profiles 83 

collected throughout the region by the Argo program (Roemmich and Owens, 2000) and 84 

the quasi-decadal occupation of several trans-basin hydrographic lines (e.g., Saunders 85 

and King, 1995; McDonagh and King, 2005; Bryden et al., 2011). 86 

 87 
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Due to the above-described increase in data coverage in the South Atlantic, observed and 88 

simulated estimates of mean MHT and the MOC in the region have become more 89 

consistent. Baringer and Garzoli (2007) developed a methodology to obtain the heat 90 

transport from XBT data collected nominally along the latitude 35°S (XBT line AX18).  91 

Using this methodology, Garzoli and Baringer (2007) estimate the mean MHT from 14 92 

AX18 sections, collected between July 2002 and May 2006, as 0.54 PW with a standard 93 

deviation of 0.11 PW. Using an extended version of the AX18 data set (17 sections 94 

collected between July 2002 and March 2007), Dong et al. (2009) estimate the mean 95 

strength of the meridional overturning circulation (MOC), defined as the maximum 96 

volume transport stream function (equivalent to the total northward transport in the upper 97 

water column), and the MHT. The obtained time-mean MOC is 17.9 ± 2.2 Sv and MHT 98 

is 0.55 PW ± 0.14 PW. They show that MHT variability is significantly correlated with 99 

the MOC variability, where a 1 Sv increase in the strength of MOC would yield a 0.05 ± 100 

0.01 PW increase in the MHT. Dong et al. (2009) also partition the MOC and MHT into 101 

contributions from the western and eastern boundaries and the interior, and demonstrated 102 

that the variability of the contributions from boundary currents and interior are 103 

comparable.   104 
 105 
Observations indicate that the annual cycle of the Ekman component of the flux is out of 106 

phase and of the same order of magnitude as the geostrophic component (Garzoli and 107 

Baringer, 2007; Dong et al., 2009). As a consequence, the observed annual cycles of the 108 

total (Ekman plus geostrophic) MHT and the MOC are almost non-existent. Models, in 109 

contrast, show a strong annual cycle for the total MHT, as well as for the MOC, in the 110 

South Atlantic that depends very little on the geostrophic component of the fluxes (Jayne 111 

and Marotzke, 2001; Baringer and Garzoli, 2007; Dong et al., 2011; Perez et al., 2011). 112 

Therefore, the dominant variability arises from the Ekman component of the fluxes that 113 

has a marked seasonal cycle. 114 
 115 
Another important concept for which observations and models are in disagreement is the 116 

direction of the salt flux within the Atlantic sector, which is an indicator for the stability 117 

of the overturning circulation (Dijkstra, 2007; Huisman et al., 2010; Bryden et al., 2011). 118 
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The stability and variability of the Atlantic MOC has been the object of numerous model 119 

studies (e.g., Weijer et al., 2003; Weijer and Dijkstra, 2003). De Vries and Weber (2005) 120 

showed from modeling studies that the instability of the MOC results from salt feedback 121 

in the ocean. When the MOC transports salt to the North Atlantic, a decrease in the MOC 122 

due to a freshwater anomaly in the convection sites will amplify the fresh water anomaly 123 

further by freshening the Atlantic basin. In contrast, when the MOC transports freshwater 124 

to the north, a decrease in the MOC due to a freshwater anomaly in the convection sites 125 

will damp the freshwater anomaly by the salinification of the Atlantic basin. Drijfhout et 126 

al. (2011) reinforced this concept that the basin-scale MOC-salt feedback determines 127 

whether the thermohaline circulation is monostable or bistable and that a more robust 128 

estimate of the MOC-trend and its variability can be made by combining sections in the 129 

North and South Atlantic. The basin-scale MOC-salt feedback is associated with the sign 130 

of the overturning component of the fresh water flux, defined as the Mov. According to 131 

Drijfhout et al. (2011) the sign of Mov at the latitude 35°S in particular can be used to 132 

determine the stability of the MOC. In other words, when the Mov in the South Atlantic is 133 

positive (negative salt advection feedback), salt is transmitted to the south and the MOC 134 

is monostable; when the Mov is negative (positive salt advection feedback), salt is 135 

transmitted to the north and the MOC is bistable; it might collapse with a large enough 136 

freshwater perturbation. 137 

 138 

The objectives of this paper are: to present new estimates of the MHT and MOC obtained 139 

by using a higher resolution wind field and the XBT data collected up to present (from 140 

July 2002 to February 2011); to provide an estimate of the Mov from different kind of 141 

observations; and, to analyze the time series of volume transport to obtain estimates of 142 

the flows at the boundaries and the component of the MHT associated with them. Results 143 

are compared with estimates from a high-resolution eddy-resolving model, the Ocean 144 

general circulation model For the Earth Simulator (OFES) run by Japan Agency for 145 

Marine-Earth Science and Technology (JAMSTEC).    146 

 147 

2. Methodology 148 
 149 
The methodology used in this paper to obtain the MHT and MOC has been previously 150 
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described in Baringer and Garzoli (2007) and Dong et al. (2009). Baringer and Garzoli 151 

(2007) tested the methodology with previous full depth CTD data and model products, 152 

and concluded that it can provide heat transport estimates with a maximum uncertainty of 153 

±0.18 PW. The methodology can be summarized as follows: Salinity (S) is estimated for 154 

each XBT profile by using empirical relationships developed for the South Atlantic by 155 

Thacker (2008) from available Argo profiler and CTD data in the region to provide an 156 

estimate of S as a function of Temperature (T), T2, pressure (p), latitude, and longitude. 157 

Where insufficient CTD and Argo data are available to define a statistically robust 158 

empirical estimate for S, the World Ocean Atlas 2001 (WOA01) gridded annual 159 

climatology (Stephens et al., 2002) is used. XBT profiles provide data only up to about 160 

850 m, and the data are extended to the bottom using the WOA01 gridded 0.25° 161 

climatology interpolated to the location of each XBT profile to generate an annual mean 162 

climatology for the deep ocean. The bottom is determined to be the depth at the location 163 

of the XBT profile from the Smith and Sandwell (1997) two-minute database of 164 

bathymetry. Note, although an updated version of the World Ocean Atlas was generated 165 

in 2009 (WOA09), the coarse resolution used for WOA09 (1°) does not resolve oceanic 166 

features at the eastern boundaries as well as WOA01.  Hence, WOA01 is used in this 167 

study. 168 

 169 

Ekman volume and heat transports are determined using a daily NCEP reanalysis (Kalnay 170 

et al., 1996) winds interpolated to the location of the XBT observations. Observed 171 

temperatures from the XBT lines are used to determine the mixed layer depth and 172 

temperatures to compute the Ekman heat transport (Baringer and Garzoli, 2007). The net 173 

meridional volume and heat transport are then given by the sum of the geostrophic 174 

(described below) and Ekman components of the volume and heat transport. 175 

 176 

Geostrophic velocities are determined from the T and S fields generated from XBT, CTD 177 

and Argo observations using the dynamic height method where an initial level of no 178 

motion is chosen at σ2 = 37.09 kg m-3 (σ2 defined as potential density relative to 2000 179 

dbar). These geostrophic velocities are then zonally and vertically integrated to obtain the 180 

geostrophic volume transport. Note, the initial level of no motion velocity field is 181 
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uniformly adjusted so that the net salt transport across the section matches the salt flux 182 

through the Bering Straits (27.6 x 106 kg s-1, Coachman and Aagaard, 1988). Typically, 183 

values of this velocity adjustment are small and range from 10-4 to 10-6 m s-1 (Baringer 184 

and Garzoli, 2007). This correction ensures that mass transport is approximately 185 

conserved across each section (to less than 1 Sv) and only has a 0.01-0.02 PW impact on 186 

the meridional heat transport (Baringer and Garzoli, 2007; Dong et al., 2009).  187 

 188 

Additional corrections to the net transports are made when needed to account for 189 

barotropic motions and for XBT sections that failed to terminate at the 200 m isobath or 190 

shallower on each side of the South Atlantic. During the initial stages of the XBT 191 

program, data were not collected near the boundaries for some of the sections (July 2002, 192 

November 2002 and July 2004). In those cases, Garzoli and Baringer (2007) made 193 

estimates of the missing flow and a correction was applied. For all sections near 35°S, a 194 

bottom velocity of -0.04 m/sec was applied in the region west of 40°W where the data 195 

indicates the presence of strong boundary current flows to account for the barotropic 196 

southward flow of the Brazil Current and Deep Western Boundary Current beneath 197 

(Garzoli and Baringer, 2007). The value was derived from Peterson’s (1992) review of 198 

bottom velocity observations in the region of the Brazil Malvinas confluence that quoted 199 

an average of -0.04 m/s. For the sections ending at 24°S (see Appendix) a value of -0.02 200 

m/sec is used. This value is obtained from analysis of the mean bottom velocities from 201 

the Parallel Ocean Climate Model (POCM) model and OFES, as well as observations 202 

from the Deep Basin Experiment (Hogg and Owens, 1999) and data collected by 203 

Weatherly and Kim (2000) at 18°S. 204 

 205 

The studies conducted by Garzoli and Baringer (2007) and Dong et al. (2009) use 206 

monthly NCEP winds to estimate the Ekman volume and heat transports.  In this paper, 207 

all sections presented in Garzoli and Baringer (2007) and Dong et al. (2009), as well as 208 

those collected since those studies, are analyzed using the higher temporal resolution 209 

NCEP daily fields. Small differences in the individual values for the MHT are observed 210 

between the calculations with the two different wind products, however, as it will be 211 
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shown in Section 3b, the mean values are similar and the differences are well within the 212 

estimated uncertainty.  213 

 214 

The methodology used to determine the strength of the MOC from the XBT-derived 215 

volume transport was previously described in Dong et al. (2009).  As in that study, the 216 

depth of the maximum cumulative volume transport, i.e., the depth where the meridional 217 

volume transport reverses direction from northward in the upper layer to southward in the 218 

lower layer, is computed. Then the strength of the MOC is simply defined as the 219 

maximum cumulative volume transport in the upper layer.  220 

 221 

The model comparisons presented in this paper are made with fields obtained from the 222 

OFES model, an eddy-resolving model with a horizontal resolution of 0.1° and 54 223 

vertical z-levels. The OFES simulation was spun up for 50-years with a monthly 224 

climatology derived from NCEP/NCAR reanalysis atmospheric fluxes (Masumoto et al., 225 

2004), and then forced with daily mean NCEP/NCAR reanalysis data from 1950 to 2007 226 

(Sasaki et al., 2008). Model fields were provided by JAMSTEC at 0.2° increments (every 227 

other horizontal grid point) in the entire South Atlantic region from 1980 to 2007, and 228 

also at the full model resolution (0.1°) along 34.5°S from 1980 to 2011 for direct 229 

comparisons of the mean during the XBT period (personal communication, Y. Sasai, 230 

2011). Atmospheric fields used to force the model were provided by JAMSTEC at the 231 

full model resolution. 232 

 233 

a. The XBT observations 234 

The locations of the XBT lines are shown in Figure 1. The original AX18 XBT line was 235 

conducted from Cape Town to Buenos Aires, nominally along the latitude 35°S using 236 

Evergreen container ships. After the cruise conducted in March - April 2007, the shipping 237 

company eliminated that transect. Several attempts have and are still being made to 238 

routinely conduct these cruises along the original route. From October 2007 to June 2010, 239 

the route was from Cape Town to Santos or Rio (terminating near 24°S on the western 240 

boundary). For the purpose of the discussion in this paper these transects will be called 241 

AX18*.  Since June 2010, the transits have returned to the Cape Town to Buenos Aires 242 
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route. Further information on the data collected during each one of the lines can be 243 

obtained at http://www.aoml.noaa.gov/phod/hdenxbt/ax_home.php. 244 

 245 

In order to combine the observations collected along the two different transects, we 246 

adjusted the heat transport from AX18* to AX18. This is done by assuming that the heat 247 

in the triangle formed by the two different lines (shown as solid black lines on Figure 1) 248 

is conserved. In other words, the heat transport difference between AX18 and AX18* is 249 

balanced by the heat storage rate integrated over the triangle volume and surface heat 250 

exchange with the atmosphere integrated over the triangle area. Using Argo data to 251 

estimate the heat storage rate and monthly NCEP/NCAR air-sea heat flux data to estimate 252 

the net surface heat exchange with the atmosphere, the net heat transport across the XBT 253 

sections can be adjusted to account for the changing latitudes of AX18 and AX18* (the 254 

methodology is described in detail in the Appendix). This correction varies seasonally 255 

and interannually and the amplitude of the seasonal cycle is approximately 0.2 PW with 256 

maximum in austral winter. As the result of this adjustment, a longer MHT time series 257 

that incorporates data collected both along AX18* and AX18 lines, was made possible. 258 

Note, the OFES simulation is used to validate the adjustment methodology, and a similar 259 

seasonal cycle is produced albeit with a much weaker (0.1 PW) amplitude.  260 

 261 

b. Winds 262 

 263 

The above described heat transport adjustment is needed because in this regions the 264 

winds vary significantly with latitude. The Ekman component of the meridional heat flux 265 

between 28°S and 38°S is computed using the monthly WOA01 temperatures for the 266 

mixed layer and the NCEP daily wind products for the period of the observations. Results 267 

are shown in the left panel of Figure 2.   Large differences are observed between the wind 268 

fields along the new diagonal transect (AX18*) from 24°S and the original transect 269 

nominally along 35°S (AX18).1  270 

                                                        
1Note, information on the wind stress fields during each of the AX18 and AX18* cruises 

can be obtained at http://www.aoml.noaa.gov/phod/hdenxbt/ax_home.php.1 
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 271 

The winds vary meridionally such that the mean Ekman heat transport changes from 272 

northward to southward as it moves northward from 35°S (Figure 2, right panel), 273 

changing sign in the mean at approximately 31°S. The amplitude of the seasonal cycle of 274 

the Ekman heat transport is much larger than the mean with amplitudes of about 0.2 PW.  275 

The amplitude of the seasonal cycle increases to the north of 38°S, reaching a maximum 276 

near 32°S and decreasing again north of 32°S (Figure 2, right panel). The Ekman heat 277 

transport has a maximum northward transport in austral winter (e.g., July) and a 278 

maximum southward transport in austral summer (e.g., Jan). The squares in the left panel 279 

of Figure 2 indicate the mean latitude of each of the XBT transects during the time of 280 

each section. The seven AX18* cruises, located with mean latitude north of 30°S, were 281 

centered in typically negative (i.e., southward) Ekman heat transport, e.g., October 2007 282 

through January 2010 (Figure 2, left panel); note, the July 2009 has a slightly positive 283 

Ekman heat transport consistent with the seasonal variability of the winds).  284 

 285 

Given the importance of the contribution of the Ekman heat transport to the total MHT 286 

variability in the region, the sensitivity of the total MHT to the Ekman heat transport 287 

computed from several different wind products subsampled to the time and mean latitude 288 

of the XBT sections was evaluated. These wind products include: 1) Hellerman and 289 

Rosenstein (1983) monthly winds, 2) ECMWF monthly winds, 3) NCEP monthly winds 290 

(used by Baringer and Garzoli, 2007), and 4) monthly averages of NCEP daily winds 291 

(used in this study). Results are shown in Figure 3. There are differences between the 292 

Ekman heat transport estimates obtained from the monthly averages of the daily wind 293 

products from NCEP (red line in Figure 3) and those obtained with NCEP monthly winds 294 

(green line in Figure 3) of up to ±0.1 PW that often exceed the differences between the 295 

Ekman heat transport derived from the different wind products (Hellerman, ECMWF, 296 

NCEP). Despite the sometimes-large instantaneous differences, the mean difference of 297 

the Ekman transport estimates based on the different data sets differ by less than 0.04 PW 298 

(0.062 PW to 0.1 PW). 299 

 300 

 301 



11 

 302 

3. Results 303 

a. MHT 304 

 305 
A time series of the MHT is generated from the data collected nominally at 35°S (Figure 306 

4). The mean estimate of the MHT from the 27 realizations is 0.54 PW with a standard 307 

deviation of 0.14 PW. Note, that a similar mass conservation requirement rather than the 308 

salt conservation requirement applied here yields a mean heat transport of 0.56 ± 0.14 309 

PW. The observed variability is large, with values ranging from 0.30 PW to 0.82 PW, and 310 

despite the relatively small sample size no significant trend (-0.01± 0.2 per decade) is 311 

estimated from the 27 XBT sections. 312 

 313 

Analysis of the variability of the different components of the MHT, the Ekman and 314 

geostrophic components, indicate that the annual cycle of the Ekman component varies 315 

with a similar magnitude but in the opposite direction to that of the geostrophic 316 

component (Figure 5, left panel). As a result, there is no significant annual cycle in the 317 

total MHT as shown in the right panel of Figure 5, consistent with the results from the 318 

first 17 AX18 transects (Dong et al., 2009). Due to this weak seasonal cycle, removing 319 

the seasonal cycle did not alter the trend estimate reported above. Note, to determine the 320 

statistical significance of the annual cycle of the Ekman component of the MHT derived 321 

from the 27 realizations (blue line in Figure 5, left panel), a time series of the daily NCEP 322 

values for the period of the observations, was extracted at 35°S and the annual cycle 323 

estimated. The resulting seasonal cycle of the Ekman component (dashed blue line in 324 

Figure 5, left panel) agrees well with the subsampled seasonal cycle.  325 

 326 

The lack of significant annual cycle in the MHT contradicts results from ocean models. 327 

In models the annual variability is dominated by the Ekman heat transport component, 328 

with a small contribution from the geostrophic component. A recent study by Dong et al. 329 

(2011) suggests that the lack of variability in the geostrophic transport in the models is 330 

likely related to the weak variability of the model temperature and salinity fields.  331 

 332 
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Despite this lack of variability in the simulated geostrophic transport, models are able to 333 

reproduce the observed mean MHT, and the high variability seen in the MHT series. For 334 

example, Perez et al. (2011) estimated the mean MHT at 34.5°S from two models, the 335 

POCM and OFES, for the time period 1986 to 1997 as 0.50 PW and 0.42 PW, 336 

respectively. Figure 6 shows the OFES MHT time series from 1980 to 2011; the mean 337 

MHT is 0.38 PW from 1980 to 2011, 0.38 PW from 1980 to 2007 (time period analyzed 338 

by Dong et al., 2011), and 0.39 PW for 2002 to 2011 (the period of XBT observations). 339 

In other words, there is no-significant trend in the model from 1980 to 2011. However, 340 

there is a statistically significant (at 95%) increasing MHT trend in the first thirteen years 341 

of the OFES model (+0.09 ± 0.02 PW/decade), followed by a weaker but still statistically 342 

significant decreasing trend from 2002 to 2011 (-0.07 ± 0.06 PW/decade) which overlaps 343 

with the observations given the large uncertainty in the observed trend (-0.01 ± 0.2 344 

PW/decade). Figure 6 also shows that the MHT variability is comparable to the observed 345 

variability, and ranges from -0.2 to 1.0 PW on time scales longer than 60 days.  346 

 347 

 348 

b. MOC 349 
 350 
As mentioned before, Dong et al. (2009) found that the variability of the MOC estimated 351 

from AX18 transects is significantly correlated with the MHT variability (r = 0.76), such 352 

that a 1 Sv increase in the MOC would yield a 0.05 ± 0.01 PW increase in the MHT.  A 353 

similar response (high correlation and linear regression with slope of approximately 0.05 354 

PW/Sv) has been found in POCM and the OFES models along 34.5°S (Dong et al., 2011; 355 

Perez et al., 2011). The depth of the observed maximum cumulative transports range 356 

between 1000 – 1400 m depth with an average of 1250 m, a value that is slightly deeper 357 

than the 1100 m found in the North Atlantic (Cunningham et al., 2007). The MOC 358 

estimated from the extended AX18 time series are shown in Figure 7. In this longer time 359 

series, the MOC varies from 14.4 to 22.7 Sv with a mean value of 18.1 Sv and a standard 360 

deviation of 2.3 Sv. These values are similar to the values previously obtained from 361 

inverse models and observations in the South Atlantic (e.g. Ganachaud, 2003; Lumpkin 362 

and Speer, 2007; Dong et al., 2009; Bryden et al., 2011). 363 

 364 



13 

The corresponding MHT values have been superimposed on the MOC values in Figure 7 365 

to highlight their covariability. The correlation between the two variables for the 366 

extended AX18 data set is still high (r = 0.73), although the MHT values appear to be 367 

more normally distributed than the MOC values (histograms not shown) with more 368 

positive excursions in the MOC time series than in the MHT time series. Linear 369 

regression of MHT onto the MOC indicates that an increase of 1 Sv in the MOC will lead 370 

to an increase of 0.04 ± 0.02 PW in the MHT, a slightly lower value than the previous 371 

estimate (Dong et al., 2009), but not statistically different from those previously obtained 372 

with the shorter data set. 373 

 374 

c. MOV 375 
 376 
The stability of the Atlantic MOC was further investigated by Drijfhout et al. (2011), 377 

under various climate scenarios, using the WCRP CMIP3 data set of coupled 378 

atmosphere-ocean models. Results indicate that most models feature a negative salt 379 

advection feedback (Mov> 0): freshwater perturbations are damped by this feedback, 380 

excluding the existence of a stable ‘off-state’ for the MOC. It is shown that the MOC 381 

exports salt in these models (Mov> 0), which stabilizes the MOC because the models have 382 

a reduced inflow of intermediate waters relative to thermocline waters.  Hence, it is vital 383 

to accurately simulate the vertical distribution of water masses in order to capture the 384 

processes that can control MOC variability. 385 

 386 

In this paper, the data collected nominally along 35°S is used to estimate the Mov. The 387 

methodology used is the same as used by Drijfhout et al. (2011). The Mov is defined as 388 

 389 

𝑀𝑜𝑣 =  −   !
!!

𝑉∗!
!! 𝑆 dz       (1) 390 

 391 

where S0 is the mean salinity of the section, V* is the overturning component of the 392 

zonally integrated velocity across the section. By definition the vertical integral of V* is 393 

zero. <S> is the zonally averaged salinity (from the surface h to the bottom) that varies 394 

with depth.   395 
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 396 

The results from these calculations are shown as time series of Mov in Figure 8.  The Mov 397 

values obtained varied from -0.28 to -0.05 Sv, with a mean value of -0.16 Sv. Additional 398 

values of the Mov are obtained from CTD data collected along 30°S in the South Atlantic 399 

during two realizations of the A10 WOCE line and from a climatological section created 400 

from Argo data.  Results are -0.15 Sv and -0.14 Sv for the cruises conducted during 1993 401 

and 2003, respectively, and -0.11 Sv for the Argo climatological section. These 402 

independent Mov estimates are within the range of variability of those obtained from the 403 

AX18 data and point to the robustness of the XBT-derived Mov estimates. Note, the XBT-404 

derived Mov estimates are also in agreement with those recently calculated by Bryden et 405 

al. (2011): -0.09 Sv and -0.34 Sv from the WOCE CTD lines conducted along 24°S in 406 

1983 and 2009, respectively.  All of these Mov estimates from the observations, contrary 407 

to the models, feature a positive salt advection feedback (Mov< 0) suggesting that 408 

freshwater perturbations will be amplified and that the MOC is bistable, it might collapse 409 

due to a large enough freshwater perturbation.  410 

 411 

d. Volume transport at the boundaries 412 
 413 

As mentioned in Section 2, in order to calculate the MOC and MHT, a self-consistent 414 

absolute velocity field was generated for each section. These velocity estimates can be 415 

further analyzed to determine the contribution of different currents to the observed 416 

variability.  In particular on the western boundary, the southward volume transport in the 417 

upper layer (0 to 800 m) is associated with the Brazil Current.  Between 23° to 24°S, 418 

historical data shows geostrophic transports of about -10 Sv (e.g. Stramma, 1989) in the 419 

Brazil Current. Further south, due to a recirculation cell found in the western South 420 

Atlantic south of 28°S, the transport associated with the Brazil Current increases and at 421 

33°S is estimated to be -17.5 Sv (e.g. Stramma, 1989). Further south, at about 38°S, the 422 

Brazil Current volume transport reaches values as high as -22 Sv (e.g., Olson et al., 1988; 423 

Peterson and Stramma, 1991; Garzoli, 1993).  424 

 425 
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Garzoli and Baringer (2007) previously estimated from the XBT data that the transports 426 

of the Brazil Current at 35°S range from -25 to -12 Sv with a mean of -19 Sv. From the 427 

extended XBT series, a nine year-long term time series of Brazil Current is constructed. 428 

(Figure 9, left panel).  The mean Brazil Current volume transport for the 18 cruises along 429 

the original AX18 line (17 cruises before October 2007 and the October 2009 cruise) 430 

crossing the Brazil Current at nominally 35°S is -19.4 ± 4.3 Sv. The Brazil Current 431 

volume transport for the 9 cruises along the AX18* line (crossing the Brazil Current at 432 

nominally 24°S) is -8.6 ± 4.1 Sv. These results confirm the existence of a weaker Brazil 433 

Current north of 28°S, whose volume transport is increased by a recirculation cell south 434 

of that latitude. In comparison, the OFES model has a Brazil Current at 35°S of -21 ± 4.7 435 

Sv, a value that is very similar to the one obtained from the observations. 436 

 437 

On the eastern boundary, the mean volume flow is mostly associated to the upper limb of 438 

the MOC that enters the Atlantic as the Agulhas leakage. At 35°S and east of the Walvis 439 

ridge (east of 3°E) this flow has two components: the Benguela Current, which has a 440 

well-defined mean flow that is mostly confined near the continent, and a more variable 441 

transient flow mostly on the western side, east of 10°E. This transient flow is dominated 442 

by large rings shed from the Agulhas Retroflection (e.g. Peterson and Stramma, 1991; 443 

Stramma and England, 1999; de Ruijter et al., 1999, Richardson and Garzoli, 2003, 444 

Baker-Yeboah et al., 2010, Beal et al., 2011). The integrated volume transport from the 445 

South African coast to 3°E mostly represents the steady component of the Benguela 446 

Current (Garzoli and Gordon, 1996; Richardson and Garzoli, 2003). Results of the BEST 447 

experiment (Garzoli and Gordon, 1996) indicated that the northward transport of the 448 

Benguela Current at 30°S is 16 Sv. Other reports of Benguela Current transport range 449 

from around 15 to 25 Sv (Stramma and Peterson, 1989; Gordon et al., 1992; Sloyan and 450 

Rintoul, 2001). Differences in transport estimates are probably due to fluctuations of the 451 

currents, and the variability associated with the Agulhas rings and methodology 452 

differences. 453 

 454 

From the extended XBT time series, the mean volume transport east of 3°E is 22.5 Sv 455 

with a standard deviation of 4.7 Sv (Figure 9). The average volume transport obtained 456 
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from data collected along AX18 is 23.2 Sv with a standard deviation of 4.4 Sv.  Similar 457 

estimates obtained from data collected along AX18* are 21.3 Sv with a standard 458 

deviation of 5.2 Sv. In comparison, the OFES model has a northward flow east of 3°E of 459 

16.2 ± 3.5 Sv. Those results from XBT and OFES model are consistent with estimates 460 

from previous studies.  461 

 462 

A very high correlation is observed between the volume transport and heat transport from 463 

the surface to 800 m. It must be noted that for the boundary currents, the temperature/heat 464 

transport is calculated from the surface to the bottom and integrated across the basin and 465 

in this case mass is conserved. The temperature/heat transport values of the major ocean 466 

currents quoted herein are from the mass-balanced circulation, but are computed above 467 

800 m depth. While these may be considered temperature transports, we use the term heat 468 

transport to remind the reader that the values of the currents are derived from the mass-469 

balanced circulation.  The volume and heat transport correlation for the Brazil Current is 470 

0.95 and for the Benguela Current is 0.91 (Figure 10).  The regression between the 471 

variables indicate that in both cases an increase in volume transport in the upper 800 m of 472 

1 Sv results in an increase of heat transport in the upper 800 m of 0.06 ± 0.01 PW for the 473 

Brazil current and 0.05 ± 0.01 PW for the Benguela Current. 474 

 475 

4. Summary and Conclusions 476 
 477 

In this paper, estimates of the MHT and the MOC obtained from data collected along the 478 

XBT transect nominally conducted at 35°S are extended by four years to cover the period 479 

2002 to 2011. Estimates are improved using high-resolution wind fields and an improved 480 

hydrographic climatology. Results of the analysis provide a nine-year time series of MHT. 481 

This time series is made possible through an adjustment process where the net heat 482 

transport can be adjusted to account for the changing latitudes of the AX18 (Buenos 483 

Aires to Cape Town) and AX18* (Santos or Rio to Cape Town) lines, using Argo data to 484 

estimate the heat storage changes in the triangle bounded by AX18 and AX18* and 485 

NCEP air-sea flux products to estimate the net surface heat flux in that region.  This 486 

adjustment varies seasonally and interannually, and the amplitude of the seasonal cycle is 487 
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approximately 0.2 PW with maximum in austral winter. Products from the OFES 488 

simulation are used to validate the methodology.  Although the seasonal cycle of the 489 

OFES correction term is similar in phasing to the observed, the amplitude is much 490 

weaker (0.1 PW), the model demonstrates the skill of the adjustment procedure. Analysis 491 

of the sensitivity of the Ekman component of the heat transport to different wind products 492 

indicates that despite the sometimes large instantaneous differences, the mean difference 493 

of the Ekman transport estimates based on the different wind products differ by less than 494 

0.04 PW (0.062 PW to 0.1 PW). 495 

 496 

Estimates of MHT and MOC are close to those obtained during the first years of the 497 

experiment (2002 to 2007); however, the new analysis demonstrates the robustness of 498 

those earlier estimates and decreases the level of uncertainty. Estimates of the MHT 499 

obtained from data collected during the 27 transects conducted between 2002 to 2011 500 

yield a mean value 0.54 ± 0.14 PW. Despite the relatively small sample size, no 501 

significant trend (-0.01± 0.2 PW per decade) is estimated from the observations for the 502 

period of time 2002 to 2011. The new estimates for the MOC vary from 14.4 to 22.7 Sv 503 

with a mean value of 18.1 ± 2.3 Sv. The MOC reaches this mean maximum value at a 504 

mean depth that is deeper than the corresponding mean depths in the North Atlantic 505 

(mean depth of 1250 m). 506 

 507 

The MHT and MOC values are consistent with previous estimates obtained by models 508 

and observations in the South Atlantic in the latitude band 30°S to 35°S. They are also 509 

consistent with observations collected further north in the South Atlantic. Using data 510 

from two transatlantic hydrographic section along 24°S in 1983 and 2009, Bryden et al. 511 

(2011) estimate the MOC to be 16.5 Sv (1983) and 21.5 Sv (2009) and the corresponding 512 

values for the MHT are 0.4 PW (1983) and 0.7 PW (2009) respectively.  513 

 514 

The stability of the MOC is assessed through the estimation of the meridional fresh water 515 

flux Mov, that at 35°S determines the basin scale MOC salt feedback. Results obtained 516 

independently in this study from XBT sections, CTD casts, and Argo data agree well with 517 

previously published values (Bryden et al., 2011). The observations consistently show 518 
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that the Mov is negative (i.e., positive salt advection feedback) with a mean value from the 519 

XBT observations of -0.16 Sv, whereas the models indicate a positive value for the Mov 520 

(i.e., negative salt advection feedback). The observed negative values of the Mov indicate 521 

that salt is transmitted to the north and the MOC is bistable; in other words, the MOC 522 

might collapse due to a large enough freshwater perturbation (Drijhout et al., 2011). 523 

 524 

Estimates of the boundary current volume transports in the upper layer confirm previous 525 

results that the Brazil Current increases its volume as it flows southward. Observations 526 

indicate that the mean value of the Brazil Current is -8.6 ± 4.1 Sv at 24°S and -19.4 ± 4.3 527 

Sv at 35°S. East of 3°S the mean transport, the result of the northward flowing Benguela 528 

Current and Agulhas rings is 22.5 Sv ± 4.7 Sv.  A very high correlation and linear 529 

relationship is observed between the volume transport and heat transport for the boundary 530 

currents (defined here as the integral from the surface to 800 m) indicating that an 531 

increase in volume transport of 1 Sv results in an increase of heat transport of 0.06 ± 0.01 532 

PW for the Brazil Current and 0.05 ± 0.01 PW for the Benguela Current. In the Bryden et 533 

al., (2011) study based on data collected during two research cruises, the observed 534 

difference between the MOC transports from those cruises are assumed to be primarily 535 

due to the different strength of the southward Brazil Current transport during the 536 

occupation of the sections: 12.2 Sv (1983) compared with 4.9 Sv (2009). The analysis of 537 

the data presented in this paper show no significant correlation between transports of the 538 

Brazil Current and the strength of the MOC ( r = 0.09), suggesting that the Brazil Current 539 

is compensated by transport in other regions. This hypothesis is supported by the analysis 540 

performed by Dong et al. (2009) where the contribution to the AMOC is divided among 541 

western boundary, interior and eastern boundary. Results from Dong et al. (2009) 542 

indicate that most of the western boundary transport compensation derives from the 543 

interior and the eastern boundary transports. Here, the correlation between the transports 544 

on the western and eastern boundary is modest but significant (approximately 0.4) 545 

indicating that the interior and the deep ocean also play an important role. 546 

 547 

This extensive observational study points to important differences between observations 548 

and models, like the absence of a seasonal cycle in the observed MHT and the MOC, and 549 
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the difference in the sign of the Mov.  Further theoretical and modeling studies are 550 

required to explore the possible physical mechanisms responsible for these differences. 551 

 552 

 553 

Appendix  554 

Adjusting the XBT observations 555 

In order to compare the estimates of the MHT obtained from data collected from both 556 

transects (the new AX18* line and the original AX18 line), the heat balance in the 557 

triangle formed by the two different lines (Figure 1) is examined to estimate the heat 558 

transport adjustment required to convert transports across AX18* to transports across 559 

AX18. That is to say how much heat is gained or lost in the triangle formed by the two 560 

different transects. The heat transport difference between AX18 and AX18* can be 561 

estimated as the difference between the heat storage rate integrated over the triangle 562 

volume, and the air-sea heat exchange integrated over the triangle area. The heat storage 563 

rate is computed using the monthly gridded temperature data from Argo float profiles, 564 

which are produced by the Scripps Institution of Oceanography (Roemmich and Gilson, 565 

2009). The air-sea heat fluxes are from the monthly NCEP/NCAR Reanalysis.  Both 566 

quantities, the air-sea heat flux and the heat storage rate have a roughly equal magnitude, 567 

and show a marked annual cycle with a slight phase shift in austral winter (Figure A1, 568 

left). The annual cycles are derived from observations during the period 2002-2010. The 569 

maximum heat storage rate is observed in December (0.20 PW) and the minimum value 570 

is found in May (-0.22 PW). The air-sea heat flux has a maximum value during 571 

December (0.33 PW) and a minimum value during June (-0.40 PW). The heat transport 572 

divergence/convergence within the box defined by the AX18 and AX18* sections varies 573 

by about ±0.2 PW with the maximum during austral winter and a minimum in austral 574 

summer. This convergence/divergence estimate can be used to adjust the observed heat 575 

transport values along AX18* so that they can be compared in a time series sense to the 576 

transports along AX18.  577 

 578 

A similar analysis of the OFES fields from 2002 to 2007 was conducted to verify the 579 

validity of the procedure used to normalize the observations. Namely, the heat flux 580 
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correction was replicated using the same procedure used for the observations as described 581 

above. The seasonally averaged heat budget is shown in Figure A1 (right). The seasonal 582 

cycle of the MHT correction term is similar in phasing to the observed, with maximum in 583 

austral winter. However, the amplitude is much weaker (±0.1 PW compared with ±0.2 584 

PW). Interestingly, amplitude of the heat storage rate annual cycle in the model is nearly 585 

twice as large as that seen in observations (±0.2 PW for observations vs. ±0.35 PW for 586 

the model). The net surface heat flux annual cycle is only slightly larger than that found 587 

in the NCEP model and is not enough to account for the discrepancy. The model appears 588 

to under represent the seasonal variability of ocean heat transport between these two 589 

lines; in other words in the model the ocean appears to be passively responding to air-sea 590 

forcing, without any seasonally varying currents to alter the heat transport between the 591 

two sections.  592 

 593 

The model provides all terms for the heat budget instantaneously so that the difference 594 

between heat transports along AX18 and AX18* should be by definition exactly equal to 595 

the difference of the heat content change and surface heat flux within the box. The degree 596 

to which the adjustment procedure reproduces the actual heat transport along AX18 given 597 

only the heat transport along AX18* was tested within the context of the model (not 598 

shown). When the adjustment procedure described above is applied to the model heat 599 

transport, the mean difference between the MHT corrected and un-corrected along 600 

AX18* decreases from 0.05 to 0.03 PW (0.46 PW compared with 0.42 PW), the standard 601 

deviation of the difference decreases from 0.15 to 0.10 PW, and the correlation increases 602 

from 0.74 to 0.93 for time scales longer than 60 days (not shown). 603 

 604 

As can be seen in Figure A1 (top left) the AX18* heat transport adjustment has a 605 

seasonal cycle that has a maximum positive adjustment in austral winter (e.g. July), that 606 

is in phase with the Ekman transport variability. Generally, when the seasonally varying 607 

Ekman heat transport is negative, the difference between the ocean heat storage rate and 608 

the heat gained from the atmosphere is also negative and the MHT adjustment is negative. 609 

However, the MHT adjustment can also vary interannually, and for the transect 610 

conducted during July 2009 the Ekman flow is slightly positive, and the difference 611 
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between the ocean heat storage rate and the heat gained from the atmosphere is positive 612 

and the MHT correction is positive.  The seasonally aliased occupations of the AX18* 613 

line, thus make the Ekman transport to appear particularly unusual along the new section, 614 

despite the fact that the mean Ekman heat transport changes only from about +0.1 PW to 615 

-0.03 PW between AX18 and AX18*.  The fact that the correction has a similar seasonal 616 

phase as the Ekman transports themselves is in part because the Ekman transports 617 

themselves have a larger seasonal amplitude along AX18 than AX18* and the correction 618 

has the effect of increasing the seasonal cycle of the time series along AX18*. 619 

 620 

A time series of the MHT is generated from the data collected along AX18 and AX18*, 621 

the latter adjusted using the correction explained previously. Figure A2 shows the 622 

temporal evolution of the total MHT nominally at 35°S (from AX18 and AX18*) after 623 

the adjustment is applied (black line), as well as the geostrophic (red line) and the Ekman 624 

(blue) components.  The green dots shown in Figure A1 are the total MHT obtained from 625 

the AX18* route before the adjustment is applied. Note that the cruises conducted since 626 

June 2010 use the original AX18 ports and no correction was applied for these cruises. 627 

Figure A2 clearly shows the difference in the Ekman component of the MHT estimated 628 

from the data collected along AX18 and those from data along the AX18* line. When the 629 

transect is conducted along AX18*, in a region of mostly negative wind stress and hence 630 

negative Ekman transport (Figure 2, right panel), the Ekman component is typically 631 

negative (blue line in Figure A2 during the period 2007 to 2009). The variability of the 632 

winds with latitude and the consequent variability in the Ekman transport is one of the 633 

main reasons why it is needed to adjust the heat balance between the two different tracks. 634 
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List of Figures: 823 
 824 
Figure  1:  Locations of  the high‐density XBT  lines  conducted  in  the South Atlantic 825 

(all  track  lines  shown  in  grey;  typical AX18 and AX18*  track  lines  as described  in 826 

text are shown in black).   Blue shading  indicates seafloor  topography and the thin 827 

black line marks the 1,000 m isobath. 828 

 829 

Figure 2: (left) Contoured monthly Ekman heat transport in PW derived from daily wind 830 

stress values with yellow squares highlighting the time and the mean latitude for the 831 

AX18 and AX18* transects.  (right) The mean value of the Ekman heat transport are 832 

shown at the right (solid black line) and the amplitude of the seasonal cycle (dashed blue 833 

line) as a function of latitude. The Ekman component of the meridional heat flux between 834 

38°S and 28°S was computed using the monthly WOA01 temperatures to determine the 835 

mixed layer temperature and NCEP daily wind products. 836 

 837 

Figure 3:Ekman heat transport as a function of time obtained for the following wind 838 

products:  1) Hellerman and Rosenstein (1983) (1983) monthly winds (blue line), 2) 839 

ECMWF monthly winds (pink), 3) NCEP monthly winds (used by Baringer and Garzoli, 840 

2007) (green), and 4) monthly values obtained from the NCEP daily winds (red, this 841 

paper) corresponding to the XBT transect dates.  Note that the Ekman transport values 842 

are computed directly along each XBT section that vary in latitude. 843 

 844 

Figure 4: Meridional heat transport estimates as a function of time (black dots and line). 845 

Superimposed (red curve) is the 183-day running mean of the daily data obtained from 846 

linear interpolation of the black curve. 847 

 848 

Figure 5:  Left:  Ekman (blue dots) and geostrophic (red dots) components of the MHT 849 

estimated from AX18 transects as a function of year-day, with the least-squares fit annual 850 

cycle overlaid. The blue dashed line is the annual cycle of the Ekman component of the 851 

flux obtained from the original daily NCEP data. Right: Total MHT from AX18 transects 852 

as a function of year-day. 853 
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 854 

Figure 6: MHT along 34.5°S as a function of time estimated from OFES (solid black 855 

line) for time scales longer than 60-days. The linear regressions from 1980-1993 and 856 

2002-2010 are shown as red lines.  The observed MHT time series along the nominal 857 

latitude is overlaid as yellow circles. 858 

 859 

Figure 7:Time series of the MHT (black) and the AMOC (red) along nominally 35°S for 860 

the time period 2002 to 2011. 861 

 862 

Figure 8: Time series of the Mov nominally across 35°S for the time period 2002 to 2011. 863 

 864 

Figure 9:Left panel: Volume transport of the Brazil Current at 35°S (red crosses in open 865 

circles) and 24°S (red dots) and the volume transport east of 3°E for cruises along 35°S 866 

(green crosses in open circles) and those along the diagonal cruises ending near 24°S 867 

(green dots). Right panel: the equivalent temperature/heat transports for the Brazil 868 

Current and currents east of 3°E. 869 

 870 

Figure 10:  Correlation between heat and volume transport for the Brazil Current (left, 871 

green dots) and for the flow between 3°E and the African coast (right, red dots) at 872 

nominally 35°S. The green and red line is the linear relation between the variables in 873 

those two regions, respectively. 874 

 875 

Figure  A1: Heat adjustment from AX18* transect to AX18 transect obtained as the 876 

difference between the ocean heat storage rate and the heat gained from the atmosphere 877 

(within the box highlighted in Fig. 1): Annual cycle of the heat storage rate (green 878 

circles), air sea heat flux (red circles), and the heat transport adjustment (black circles) 879 

computed from the observations (left) and OFES (right).  880 

 881 

Figure A2: MHT as a function of time estimated from AX18 transects (solid black line). 882 

The geostrophic and Ekman components of the MHT are shown in red and blue, 883 

respectively. Green dots show the unadjusted values collected along AX18* (see text).  884 

885 



29 

 886 
 887 
Figure 1: Locations of the high‐density XBT lines conducted in the South Atlantic 888 

(all track lines shown in grey; typical AX18 and AX18* track lines as described in 889 

text are shown in black).  Blue shading indicates seafloor topography and the thin 890 

black line marks the 1,000 m depth topography. 891 
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 895 
 896 

Figure 2: (left) Contoured monthly Ekman heat transport in PW derived from daily wind 897 

stress values with yellow squares highlighting the time and the mean latitude for the 898 

AX18 and AX18* transects.  (right) The mean value of the Ekman heat transport are 899 

shown at the right (solid black line) and the amplitude of the seasonal cycle (dashed blue 900 

line) as a function of latitude. The Ekman component of the meridional heat flux between 901 

38°S and 28°S was computed using the monthly WOA01 temperatures to determine the 902 

mixed layer temperature and NCEP daily wind products. 903 

 904 
  905 
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 906 
 907 
Figure 3:Ekman heat transport as a function of time obtained for the following wind 908 

products:  1) Hellerman and Rosenstein (1983) monthly winds (blue line), 2) ECMWF 909 

monthly winds (pink), 3) NCEP monthly winds (used by Baringer and Garzoli, 2007) 910 

(green), and 4) monthly values obtained from the NCEP daily winds (red, this paper) 911 

corresponding to the XBT transect dates.  Note that the Ekman transport values are 912 

computed directly along each XBT section that vary in latitude. 913 
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 917 
 918 
 919 

Figure 4: Meridional heat transport estimates as a function of time (black dots and line). 920 

Superimposed (red curve) is the 183-day running mean of the daily data obtained from 921 

linear interpolation of the black curve. 922 

  923 
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 924 
 925 

 926 
 927 
 928 

Figure 5:  Left:  Ekman (blue dots) and geostrophic (red dots) components of the MHT 929 

estimated from AX18 transects as a function of year-day, with the least-squares fit annual 930 

cycle overlaid. The blue dashed line is the annual cycle of the Ekman component of the 931 

flux obtained from the original daily NCEP data. Right: Total MHT from AX18 transects 932 

as a function of year-day. 933 
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 936 
 937 

Figure 6: MHT along 34.5°S as a function of time estimated from OFES (solid black 938 

line) for time scales longer than 60-days. The linear regressions from 1980-1993 and 939 

2002-2010 are shown as red lines.  The observed MHT time series along the nominal 940 

latitude is overlaid as yellow circles. 941 
 942 
 943 

 944 
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 957 

 958 

Figure 7:Time series of the MHT (black) and the AMOC (red) along nominally 35°S for 959 

the time period 2002 to 2011. 960 
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 963 
 964 
Figure 8: Time series of the Mov nominally across 35°S for the time period 2002 to 2011. 965 
 966 
 967 
 968 
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 970 
 971 

 972 

Figure 9:Left panel: Volume transport of the Brazil Current at 35°S (red crosses in open 973 

circles) and 24°S (red dots) and the volume transport east of 3°E for cruises along 35°S 974 

(green crosses in open circles) and those along the diagonal cruises ending near 24°S 975 

(green dots). Right panel: the equivalent temperature/heat transports for the Brazil 976 

Current and currents east of 3°E. 977 
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 981 
 982 
 983 

Figure 10:  Correlation between heat and volume transport for the Brazil Current (left, 984 

green dots) and for the flow between 3°E and the African coast (right, red dots) at 985 

nominally 35°S. The green and red line is the linear relation between the variables in 986 

those two regions, respectively. 987 
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 990 

 991 

Figure  A1: Heat adjustment from AX18* transect to AX18 transect obtained as the 992 

difference between the ocean heat storage rate and the heat gained from the atmosphere 993 

(within the box highlighted in Fig. 1): Annual cycle of the heat storage rate (green 994 

circles), air sea heat flux (red circles), and the heat transport adjustment (black circles) 995 

computed from the observations (left) and OFES (right).  996 
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 998 
Figure A2: MHT as a function of time estimated from AX18 transects (solid black line). 999 

The geostrophic and Ekman components of the MHT are shown in red and blue, 1000 

respectively. Green dots show the unadjusted values collected along AX18* (see text).  1001 
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